The present study show that rapid energy input from solar wind during geomagnetic storm events effect large variations in TEC and significant scintillation phenomenon in the equatorial ionosphere over Ile-Ife, Nigeria.
Introduction
Efficient transfer of energy from solar wind outbursts from active regions of the Sun into the earths magnetosphere generates major disturbances referred to as geomagnetic storms [1] . Such disturbances translate into perturbations of the charged particles of the ionosphere and can cause detrimental effects on radio-wave signals and satellite communications. These effects have been reported to be more profound at equatorial regions of the earth's ionosphere where large variations in ionospheric parameters have been observed [2, 3, 4] , mainly because of the existence of a ring current flowing in the equatorial plane.
Typically, a geomagnetic storm is characterized by three phases: an initial phase, a main phase and a recovery phase [5] . The main phase is the defining feature of a geomagnetic storm and can be described by a significant depression of the magnetic field on the Earths surface. This is manifested as a significantly southward-driven (z-component of) interplanetary magnetic field (IMF-Bz), thus intensifying energy input in the upper atmosphere [6, 5, 1] and causing the ring current to become energized.
A geomagnetic storm is usually identified by the strength of the low latitude magnetic disturbance storm time index (Dst) which is the measure of the intensity of the magnetospheric ring current. The degree of the Dst main phase decrease is a measure of the intensity of the storm and may be characterized as intense/super, moderate and weak for the Dst < 100 nT, 100 nT < Dst < 50 nT, 50 nT < Dst < 30 nT respectively [7] . The Planetary K (Kp) index which is derived from a K index, can also be used to describe global geomagnetic activity. K index is a quasi-logarithmic index characterizing the 3-hourly range intran-2 sient magnetic activity relative to the regular "quiet-day" activity for a single site location [8] . When Kp < 5, it describes a non-occurrence of geomagnetic activity. Kp = 5, Kp = 6, Kp = 7, Kp = 8 and Kp = 9 respectively indicate a minor, moderate, strong, severe and extreme geomagnetic activity.
To describe the effects of geomagnetic storms on the ionosphere, GPS observations can provide us measurements from which ionospheric parameters TEC and S 4 can be estimated. TEC is defined as the number of electrons in a column of 1 m 2 cross-section, from the height of the GPS satellite to the receiver on the ground [1] . It provides an overall description of the ionosphere and can be expressed as:
where TEC is measured in TEC units (TECU) with 1 TECU = 10 16 electrons/m 2 . S 4 = 0.0 indicates no modulation whereas S 4 = 1.0 indicates 100% modulation) [9] .The S 4 is the statistical measure of the intensity of the amplitude scintillation of the L1 frequency (1575 MHz) GPS signals. It is the ratio of the signal intensity standard deviation and the signal intensity mean and can be expressed as:
In this paper, ionospheric observations obtained from GPS measurements during the intense geomagnetic storm events that occurred on August 6, 2011
and September 26, 2011 are presented to discuss the variability of the equatorial ionosphere over Ile-Ife, Nigeria during a storm.
Measurement Station Set-Up and Data
The geomagnetic storms that occurred on August 5 -6 and September 26 - To specifically examine variations in ionospheric TEC signatures during the main phase of the storm events, TEC values for ten (10) days of 'quiet' geomagnetic activity were obtained for each month of August and September 2011;
(observed) storm-time TEC deviation from monthly average quiet TEC was then estimated using the equation 3 below:
where T EC obs is the observed disturbed value of the TEC and T EC obs is the average quiet TEC value. All TEC values in this study are presented in TEC units. [11] stated that majority of intense storms undergo two-step development during the main phase as was also observed in the August 6 storm event. However, the Dst profile of the September 26 geomagnetic storm event does not appear to follow a two-step storm type. As shown in Figure 2 , three minima were recorded (two moderate ones and one major storm) depicting a triple-step development instead, this which is similar to what was reported by [12] . 
Results and Discussion

Ionospheric Observations on September 26 -27, 2011
The observed mean TEC, the TEC variation from quiet TEC averages and to findings by [13] . Furthermore, the daytime peak of TEC values was observed to be higher during the September 26 storm. The TEC profile during this storm event also exhibited a more pronounced daytime plateau region than that of the August 6 storm event.
TEC variation was observed to be significantly large during the day-time.
On September 26, the average quiet-time TEC profile showed that daytime peak value of ≈ 50 TECU was attained at 1400 UT while for the observed TEC profile, a daytime peak of ≈ 60 TECU was reached at that same time.
Between midnight and 0700 UT on September 26, T EC obs values and T EC qav values were observed to be very close. Similar observation was made between 1800 UT and 1900 UT. Except for those hours, profound TEC enhancements were noticed at remaining hours of September 26; the TEC profile showed that T EC obs values were varied significantly larger than the T EC qav between 0700
UT and 1600 UT before the main phase of the storm commenced and initially between 1600 UT and 1800 UT and later between 1900 UT and mid-night as the storm main phase lasted. The maximum variation was ob-served at 2000
UT during the main phase of the storm event.
As reported by [14] , scintillation values must be greater than or equal to 0. 
Interplanetary Effects on Main Phase of the Storm Events
According to [15] , the main phase is the principal feature of the Dst repre- This brings to focus the effects of PPEF, originating due to under and over shielding conditions, on equatorial and low latitude ionosphere [18] . The peak values recorded by IMF-Bz for both storms are indicative of strong penetration electric fields. The rapid decrease in IMF-Bz during the main phase of the storm events causes a sudden decrease in high latitude electric potential, resulting in the generation of sudden region-1 currents. The region-2 current, the lower latitude current system which shields charges generated by the ring current cannot respond at the same rate. The high latitude electric potential which is normally shielded by the region-2 currents was able to reach much lower latitudes [19] . This condition is referred to as undershielding, which results in prompt penetration of interplanetary electric fields to low latitudes and equator.
Implicatively, the shielding process of the region-2 field-aligned current was not effective during the main phase of both geomagnetic storms.
Furthermore, [6] noted that during the largest magnetic storms, the main phase often goes through two steps. That is, well be-fore the Dst decrease has fully recovered to its pre-storm level, a succeeding decrease tends to occur. For the periods under consideration, the occurrence of a two-step main phase was observed in the August 5 -6, 2011 storm event, but a triple-step development was observed in the September 26 -27, 2011 storm event. This would mean that the geomagnetic storms consisted merely of two and three medium-size storms respectively. By implication, what is perhaps needed in generating an in-tense magnetic storm are two (or three) separate regions of southward IMF in an interplanetary structure. One of the most important factors in generating intense magnetic storms is perhaps the slow decay rate of the ring current.
Storm Main Phase Effect on Ionospheric TEC and S 4
The diurnal pattern of the total electron content for the periods under consideration exhibited a steady increase from about sunrise to an after-noon maximum and then falls to attain a minimum during the sunset and post-sunset hours, this pattern is typical of low-latitude ionospheric stations [20] . The TEC curves show appreciable day-to-day variations of TEC, particularly during the mid-day which is a serious concern in forecasting and navigation [20, 21] . This Generally, an increase in storm time total electron content from the average quiet values was observed for both storms. According to [22] , when z-component of the IMF-Bz suddenly turns southwards from a steady northward configuration, a dawn to dusk convection electric field is produced at high latitudes.
With Implicatively, as seen from the Dsts, the ring current was more intensified and was prolonged for more hours in the August 5 6, 2011 storm event (two minimum Dsts of 88 nT and 107 nT for four hours) than in the September 26 27, 2011 storm event (three minimum Dsts of 93 nT, 100 nT and 101 nT for three hours), this may explain why there was more pronounced scintillation effect in August than in September.
Conclusion
The Enhancement in TEC has been attributed to local low latitude response to dawn-to-dusk penetration electric fields while depletions have been attributed to, either the termination of the penetration eastward electric field or to the penetration of westward (dusk-to-dawn) electric field to low latitudes [18] . When the main phase of the storm event on August 5 -6, 2011 commenced around 2100 UT, scintillation was quite pronounced, recording a maximum value of 0.57 and corresponding to rapid fluctuations in TEC, as the main phase progressed, significant scintillation suppression followed for about four hours.
